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Abstract 

Understanding tlie mechanisms underlying tlie pathophysiology of cerebral malaria in patients with Plasmodium 
falciparum infection is necessary to implement new curative interventions. While autopsy-based studies shed some 
light on several pathological events that are believed to be crucial in the development of this neurologic syndrome, 
their investigative potential is limited and has not allowed the identification of causes of death in patients who 
succumb to it. This can only be achieved by comparing features between patients who die from cerebral malaria 
and those who survive. In this review, several alternative approaches recently developed to facilitate the comparison 
of specific parameters between fatal, non-fatal cerebral malaria and uncomplicated malaria patients are described, 
as well as their limitations. The emergence of neuroimaging as a revolutionary tool in identifying critical structural 
and functional modifications of the brain during cerebral malaria is discussed and highly promising areas of clinical 
research using magnetic resonance imaging are highlighted. 
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Background 

Globally, an estimated 3.3 billion people were at risk of 
malaria in 2011, with populations living in sub-Saharan 
Africa representing approximately 80% of cases and 90% 
of malaria-related deaths [1]. Plasmodium falciparum is 
a major cause of morbidity and mortality worldwide. 
Neurological complications are common in falciparum 
malaria, but cerebral malaria (CM) is the most severe 
and is associated with almost all neurocognitive seque- 
lae. This complex and multi-factorial syndrome is char- 
acterized by a potentially reversible encephalopathy with 
coma and leads to a mortality rate of approximately 
15%-25% even when appropriate treatment and intensive 
care are provided. The fundamental pathogenesis of fatal 
CM is still not well understood. However, several hy- 
potheses have been advanced, including impaired tissue 
perfusion due to mechanical obstruction of microvessels 
by P. falciparum-paraLsitized red blood cells, hyper- 
activation of host immune cells leading to the excessive 
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release of potentially harmful pro-inflammatory cytokines 
[2-4], as well as coagulation dysfunction [5,6]. These 
hypotheses may explain of some aspects of disease 
pathogenesis, but they fail to explain the extent and re- 
versibility of the coma associated with CM. Due to the 
lack of specific neuro- or vasculoprotective therapies, 
treatments are currently still limited to anti-malarial 
drugs and emergency supportive care [7]. Elucidation of 
key processes may suggest avenues for new interventions 
that will improve the ability of clinicians to recognize CM 
and decrease the mortality rate. The use of animal models 
is helpful in exploring new hypotheses, but is limited as 
most of the models do not approximate the disease closely 
enough to allow extrapolations [8]. 

In this review, the limitations of approaches developed 
recently to circumvent the problems of traditional path- 
ology analyses are briefly described and the different 
neuroimaging techniques used to date to investigate the 
pathogenic mechanisms associated with the development 
of CM are compiled, with a particular focus on the prom- 
ising results obtained with magnetic resonance imaging 
(MRI). In addition, pivotal areas of future research are 
highlighted, with the aim of implementing new evidence- 
based therapeutic avenues and improving outcomes. 
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The long road to neuro-imaging 

Post-mortem: the classical approach and its limitations 

Historically, basic information regarding the pathogenesis 
of CM has been generated by integrating autopsy findings 
with clinical information gathered during life. For example, 
Alphonse Laveran, who discovered the malaria parasite 
[9], observed that the organ-specificity of the cerebral 
syndrome corresponded to the burden of malaria para- 
sites accumulated in the brain [10]. Detailed quantitative 
histological studies later supported this relationship [11]. 
Marchiafava and Bignami deduced that parasite-infected 
erythrocytes (IE) bind to endothelial surfaces, leading to the 
reported sequestration [12]. Such clinico-histopathology 
studies - some of them are still ongoing - have led to the 
discovery of several pathological features that are believed 
to be crucial in the development of CM [13-16]. 

However, the autopsy approach has major limitations. 
With few exceptions, which include the Malawi series of 
103 autopsies [14], the observations reported during 
post-mortem studies in the field were obtained from a 
small number of CM patients. This is largely due to the 
colossal logistical and financial challenges involved in 
maintaining a well-coordinated, long-term and multi- 
disciplinary capacity to characterize patients clinically 
prior to death, perform comprehensive autopsies, and 
analyse the material collected during the post-mortems. 
Second, cultural and/or religious taboos may increase the 
reluctance of families to authorize autopsies, making it dif- 
ficult to perform post-mortem analyses on large-scale in 
some endemic areas. Indeed, while some of the pioneering 
work in CM pathology was performed in South East Asia 
[17-21], there is currently no extensive quantitative 
clinico-histopathology study of adult CM ongoing in this 
region. The largest reported repository of autopsy samples 
in South East Asia was collected in Vietnam during the 
mid-1990s [22-24], before the presence of retinopathy 
was recognized as a crucial component of the accurate 
diagnosis of both paediatric and adult CM [25-27] . Thus, 
the extensive comparison of pathological findings between 
carefully clinically defined African and Asian patients who 
died of CM has not been possible so far. 

Lastly, two inherent limitations of autopsy-based studies 
of malaria now restrict our capacity to move beyond describ- 
ing associations: i) data are generated from a single point in 
time, precluding the identification of relevant pathogenic 
processes; and ii) tissue is only available from individuals 
who die, preventing any comparisons with survivors. Indeed, 
without being able to compare those who survive to those 
who die it is not possible to Icnow if the observed pathology 
in patients dying of CM is sufficient to cause death. 

Alternative approaches: getting closer to the brain 

In order to evade the limitations discussed above, tre- 
mendous efforts have been made over the past decade to 



develop novel and non- or minimally-invasive approaches, 
allowing for the first time the comparison of specific 
features between fatal CM and uncomplicated malaria 
patients. For example, ex vivo techniques were recently 
used to evaluate potential differences in endothelial 
predisposition to activation by tumour necrosis factor 
in paediatric patients from Malawi. Because endothelium of 
the adipose tissue closely resembles cerebral endothelium 
[28], it represents a useful ex-vivo model for examining 
brain endothelial dysfunction in the context of CM [29]. 
Endothelial cells were, therefore, obtained from subcutane- 
ous fat samples for analyses. This was efficientiy performed 
by needle aspiration biopsy on Malawian patients with 
CM or uncomplicated malaria, a fast, simple and painless 
procedure after the application of local anaesthetic [29]. 
Although the use of this model proved successful within 
the parameters of the study, it presents obvious restric- 
tions and the lack of tight junctions in the vasculature of 
the adipose tissue does not allow the in-depth investiga- 
tion of pathophysiological mechanisms believed to play a 
key role in fatal paediatric CM. These include endothelial 
injury, blood-brain barrier dismantlement and intracra- 
nial hypertension [30,31]. 

Another example of an alternative advance is the use 
of orthogonal polarization spectral (OPS) imaging to assess 
the microcirculatory changes in mucosal surfaces during 
malaria infection [32]. The clear images of sublingual and 
rectal mucosa generated by the OPS device allowed for the 
first time the visualization in vivo of microvessel obstruc- 
tion by IE in adult patients with severe malaria, confirming 
the evidence derived from pathological studies of fatal cases 
[33]. While this model offers the advantage of a real time 
intravital analysis of peripheral sequestration processes 
that can be easily applied to both CM and uncompli- 
cated malaria patients, it also presents limitations. In- 
deed, the profile of expressed surface receptors is a key 
determinant of endothelial function and this phenotype 
differs markedly between organs [34]. The sequestration 
observed in the mucosa of infected patients may there- 
fore not reflect accurately what happens in the cerebral 
microvessels, as those two vascular beds express different 
receptors for IE. 

This organ-specific endothelial phenotype pitfall was 
elegantly circumvented by the examination of the retina in 
malaria patients, a recent approach undertaken as part of 
the redefinition of CM syndromes to increase the accuracy 
of its diagnosis [35]. The retina is embryologically related 
to the central nervous system and its microvasculature 
displays an analogous cellular structure and blood-tissue 
barrier. Its examination, therefore, provides a unique 
opportunity to study the microvasculature of infected 
patients and the effects of IE sequestration on neuro- 
logic tissue in vivo. Ocular abnormalities, now known 
as malarial retinopathy, were described in patients with 
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CM, both in African children [36-39] and Bangladeshi 
adults [40,41]. When compared with less severe malaria pa- 
tients, the prevalence and intensity of malarial retinopathy 
was proportional to the intensity of the clinical syndrome 
[26,42]. It has three main components: retinal whitening, 
vessel changes and retinal haemorrhages. Retinal whitening 
closely resembles the patchy ischemic retinal changes 
in central vein occlusion [43] and matches areas of 
hypo-perfusion, likely related to the presence of IE se- 
questrated in the retinal microvasculature [44]. This 
approach has proved critical in the accurate diagnosis 
of CM [25,35] and although the presence of any one of 
the three features of malaria retinopathy is sufficient to 
make the diagnosis, retinal whitening is at present the 
most sensitive and specific clinical indicator of cerebral 
sequestration [45]. In addition, a recent analysis of the 
optic nerve sheath by ultrasound allowed the measure 
of increased intracranial pressure in Malawian children 
with CM [46], a common feature of the syndrome. Despite 
the knowledge leap afforded by retina examination during 
life, the procedure presents investigative restrictions and 
has not allowed the identification of the cause of death in 
CM patients who succumbed. Indeed, the clinical findings 
gathered through the eye examination to date do not 
reflect the occurrence of potentially lethal cerebral 
events associated with CM such as axonal injury [47], 
nor do they allow the prediction of acute mortality in 
comatose patients [48]. 

Neuroimaging during life: ttie answer to all the questions? 

CM occurs predominantly in resource-poor settings, where 
advanced medical imaging technologies are generally 
unavailable. The emergence of neuroimaging as a tool 
in elucidating the pathophysiology of the neurologic 
syndrome has therefore been a long and tortuous process. 
After being restricted to computed tomography (CT) 
technology for a long time, neuroimaging studies recently 
started to use MRI approaches on a large scale to enhance 
the clinical characterization of the disease. Globally, the 
use of more sophisticated investigative and non-invasive 
medical imaging technologies could transform our under- 
standing of pathophysiological derangements in critical 
illness and result in substantial improvements in acute 
management of patients with CM. 

Computed tomography: a first step 

CT scans are now commonly available, do not require a 
challenging infrastructure, are cheap to run and allow a 
snapshot of the patient's brain in less than a minute. In 
addition, contrast material can be administered to in- 
crease conspicuity of vascular lesions and breakdown of 
the blood brain barrier. The first report of the use of CT 
in malaria patients was published in 1983 and scans of 
the brain in 10 Thai adult patients with CM revealed 



mixed results. Evidence of cerebral oedema was only de- 
tected during the agonal phases in two adults, while four 
patients had completely normal scans. The authors 
concluded that oedema might occur in CM but cannot 
always explain the occurrence of coma in patients [49]. 
After a hiatus of over a decade, a similar study was per- 
formed in 14 African children with CM. CT was carried 
out both during the recovery phase and at follow-up and 
similar discrepancies were observed, albeit at a higher 
ratio. Six children had diffuse brain swelling and eight 
patients exhibited normal scans [50]. These differences 
might be explained by the rapid resolution of brain 
swelling in children, coupled to the late monitoring of 
CT changes. As part of a subsequent study in India, 21 
patients diagnosed with CM underwent both non- 
enhanced and contrast CT. The occurrence of diffuse 
brain swelling was observed in 42% of the patients and 
was associated with a poor prognosis, whereas no deaths 
were recorded in patients with normal CT findings [51]. 
Finally, the recent CT monitoring of a larger cohort of 
126 Indian patients with CM revealed that brain swelling 
is the most common finding associated with the path- 
ology. Indeed, 63% of the patients had cerebral swelling, 
the amplitude of which was not, however, related to coma 
depth or mortality [52] . 

CT scans have certainly illuminated some of the patho- 
logical changes associated with CM in both adult and 
paediatric patients but there is no unanimity regarding the 
occurrence of brain swelling or its role in the induction of 
coma. Such discrepancies could be due to the overall small 
number of patients enrolled, the lack of controlled studies, 
the different points at which CT scans have been performed 
or the absence of contrast enhancement in the largest 
series. In addition, none of these studies incorporated the 
presence of retinopathy as a diagnostic tool for CM and 
might, therefore, have included a substantial proportion of 
patients with non-malarial central nervous system disorders 
[25]. Indeed, a study performed in Malawi and restricted to 
retinopathy-positive CM patients demonstrated that acute 
CT scans reveal findings consistent with autopsy reports, 
and that the presence of diffuse brain swelling, whether 
it involves the brainstem or not, was associated with 
protracted coma and death [53]. 

The most consistent finding in all the studies is the 
presence of brain swelling in some CM patients (Figure 1). 
This could be attributed to the increased blood volume in 
the brain following the sequestration of IE, but also to the 
accumulation of intra-cellular fluid due to impaired cellu- 
lar metabolism (cytotoxic oedema) and the accretion of 
interstitial fluid in brain tissue following a breakdown of 
the blood-brain barrier (vasogenic oedema). It is likely 
that these mechanisms are linked, since cytoadherence of 
IE to endothelial cells has been shown to compromise the 
functional integrity of the blood-brain barrier [54]. The 
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Figure 1 CT scans of adult CM patients from India showing mild to severe brain swelling. Non-enhanced 8 mm transverse sections of a 
control patient (A) and two acute CIVl patients showing mild and severe cerebral oedema (B and C, respectively). Images were obtained within 
6 hours of admission at Ispat General Hospital in Rourkela, Orissa, India, as part of another study [52] and using a Philips W1000 third generation 
Cf scan. Brain swelling observed in (B) and (C) was defined as loss of cerebrospinal fluid space, small ventricles, absence of sulci, and/or compression of 
the cisterns. Mild brain swelling was defined as local or diffuse effacement of sulci and Sylvian fissure without compression of the supratentorial ventricular 
system (B). Severe swelling was defined as diffuse obliteration of sulci, Sylvian fissure and basal cisterns, together with an important mass effect causing 
near total obliteration of the supratentorial ventricular system and generalized hypodensity of brain parenchyma (C). 



most significant limitation of CT technology for the 
study of CM pathophysiology is the inability to distinguish 
vasogenic from cytotoxic oedema. This distinction can, 
however, be made by diffusion-weighted MRI scanning 
and is crucial to shed light on the possible mechanisms 
that may be leading to brain swelling in CM, as well as 
evaluate new therapeutic avenues. 

Magnetic resonance imaging - ttie finisti line? 

MRI is a powerful diagnostic tool for monitoring and 
understanding key features involved in the progression 
of neurologic diseases. It was, therefore, identified as the 
most promising imaging modality for visualization of 
CM pathology in vivo [55,56]. However, this approach 
has been mainly restricted to animal models of CM 
and until recently, almost all clinical MRI studies have 
involved a single case report of small series of patients 
[57-62]. These reports presented variable results, which can 
be attributed to the low number of patients involved in the 
studies, the non-specific neurological manifestations gener- 
ated by the diffuse involvement of the brain, the variation 
in patient age and the evolution of MRI techniques and 
resolution over the years. 

The first MRI study of a large series of patients with 
malaria living in an endemic area was performed in 
Thailand in 1995 in adults using a 0.2 Tesla scanner. It 
revealed that increased brain volume and swelling was 
common in patients with CM, but this difference was at- 
tributed to an increase of the volume of intracerebral 
blood caused by sequestration of IE rather than cerebral 
oedema [63]. MRI techniques have developed substantially 
since the publication of these results and clinical MRI 
technology is now available in several endemic countries. 
MRI in resource-limited settings is challenging due to spe- 
cific infrastructure requirements including sufficient foun- 
dation to withstand the heavy magnet, continuous power 
supply, steady climate control, access to helium, and digital 



image archiving capabilities [64]. Despite these challenges, 
several MRI centers have been successfully installed and 
can be used to enhance the clinical characterization of 
patients with CM through application of neurological 
MRI methods. A milestone in this approach was reached 
in June 2008, when a 0.35 Tesla MRI unit became avail- 
able in Malawi, leading to the largest prospective study of 
paediatric CM ever undertaken to date [65]. Indeed, the 
use of a low-field permanent magnet MRI is a solution 
to some of the hindrances stated above, in particular 
frequent power outages and the unpredictable availability 
of cryogens could result in the quenching of a high field 
superconducting magnet. Initially, 152 children with acute 
CM were enrolled and 120 children meeting a stringent 
retinopathy-positive definition of CM were compared 
to 32 retinopathy-negative CM patients. A wide range 
of structural abnormalities was identified in the brain of the 
retinopathy-positive group, which is consistent with the 
high variability of findings reported at autopsy [14]. The 
significant findings included basal ganglia changes, white 
matter changes, pons and brainstem changes in addition 
to diffuse cortical involvement. The disease affected the 
posterior fossa less frequently. This descriptive study did 
not focus on clinical correlates beyond retinopathy status, 
but a moderate to severe increase in brain volume was 
identified as the single most important discriminator 
between retinopathy-positive and retinopathy-negative 
patients (Figure 2). Interesting and unusual patterns of 
restricted diffusion were reported in the retinopathy- 
positive group in various sub-segments of the brain [65] . 

This first study had several limiting factors, including 
the absence of serial analyses, which is presently underway, 
and an unexpected inability to detect contrast agent. Since 
MRI routinely shows contrast enhancement at low fields, 
the lack of such a fmding may be related to the status of 
the blood-brain barrier during paediatric CM. Further re- 
search into the integrity of this permeability barrier as a 
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Figure 2 MRI of paedlatric patient with fatal CM from Malawi presenting severe brain swelling. Admission axial T2 scan (TR 3140, TE 123) 
of a 4 years old male child with fatal retinopathy-positive CIVl performed at Queen Elizabeth Central Hospital in Blantyre, Malawi (A). Severe brain 
swelling is observed, with complete loss of sulcal markings. (B) shows a lower slice depicting severe brainstem compression resulting from the 
swelling. A mid-sagittal T1 Flair image (TR 231 1, TE 26, ET 2) of the same patient reveals the complete effacement of all basilar cisterns and the 
4* ventricle, as well as severe brainstem compression (C). Finally, (D) shows potential diffuse restricted diffusion in the cerebral cortex and white 
matter The child succumbed from respiratory failure 3 hours after these images were obtained. 



source for non-enhancement is presently being undertaken 
using contrast in paediatric CM patients on the high field 
MRI located in neighboring Zambia. Further research into 
the integrity of this permeability barrier as a source for 
non-enhancement is presentiy being undertaken using con- 
trast in paediatric CM patients on the high field MRI lo- 
cated in neighbouring Zambia. However, the results 
generated are in line with previous reports in adult CM 
MRIs [58] and CT scans in both paediatric [50] and adult 
patients [51,52], suggesting that increased brain volume 
may be a common feature in CM, and that it may be impli- 
cated in the pathogenesis of death in patients with CM. 
This could also explain its reversibility, as brain swelling de- 
creases significandy during recovery (Figure 3). The under- 
lying mechanism for this increased brain volume remains 
unclear and large-scale analyses including serial imaging 
and evaluation of diffusion-weighted imaging findings, as 
well as clinical, retinopathy and electro-encephalographic 
data collection during the acute coma phase and at both 
short and long term follow-up are ongoing and aimed 
at addressing these questions. 

Interestingly, a high-field (3.0 Tesla) MRI series of acute 
uncomplicated falciparum malaria patients from Thailand 



recently reported that four out of 10 patients presented a 
lesion with restricted water diffusion in the splenium of 
the corpus callosum [66]. These lesions were transient 
and similar in signal and location to some described in CM 
patients from the Malawi study [65], showing for the first 




Figure 3 MRI of paediatric CM survivor from Malawi during the 
acute phase and at follow-up. Admission axial T2 scan (TR2960, TE122) 
of a 2 years old male Malawian child with retinopathy-positive CIVl 
performed at Queen Elizabeth Central Hospital in Blantyre, Malawi. There 
is severe brain swelling with total loss of sulcal markings and grey-white 
differentiation (A). The same child presents mild diffuse atrophy one 
month later during the post-discharge follow-up visit (B). 
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time that acute cerebral injury does also occur in the ab- 
sence of the neurologic syndrome. Using diffusion-weighted 
imaging to compare the intensity of these lesions between 
acute uncomplicated patients and CM patients both in 
larger paediatric and adult populations may, therefore, 
represent a major step in elucidating mechanisms under- 
lying the pathophysiology of CM. 

While the systematic application of MRI techniques 
to CM patients represents a revolutionary new ap- 
proach, there are predictable limitations. For instance, 
it is entirely possible that factors inherent in the clin- 
ical presentation of the patients directly or indirectly effect 
quantitative MRI imaging and confound the investigation 
of CM pathogenesis. The multiple organ failure commonly 
observed in adult patients with CM in Asia is a complica- 
tion that may lead to systematic changes, possibly resulting 
in MRI signatures not associated with the occurrence of 
the cerebral syndrome. Discriminating between "pure" CM 
patients, with no associated complications, and "broad" 
CM patients, with one or more associated complications, 
may help circumvent this potential bias. In addition, 
the MRI scan length also presents potential clinical 
management issues, especially when the full sequence 
includes perfusion and spectroscopy analyses. While 
this is unlikely to be problematic in stable comatose 
patients, it might prove challenging in closely moni- 
tored patients, as well as pre-comatose ones. Finally, 
the use of gadolinium-based contrast agents needs to 
be assessed rigorously. For safety issues, it cannot be used 
in patients with acute renal failure, a common complica- 
tion of severe P. falciparum infection in adults. Alterna- 
tive contrast agents have recently become available and 
could allow the MRI analysis of such patients in the future. 
All of these limiting factors need to be carefully considered 
for any prospective study of CM patients using MRI 
techniques. 

Conclusions 

Magnetic resonance examination of both adult and paediat- 
ric patients infected with P. falciparum could represent a 
major milestone in the study of CM pathology. Until now, 
a comparison of both age groups has not been performed, 
despite the distinct differences in terms of clinical course, 
pathophysiology and autopsy findings [67] . In terms of MRI 
features, the amount of available data is currently fractional 
in adult CM due to the small number of reported cases. A 
comparison between the Malawi series and these reports 
would, therefore, be uninformative, owing to i) the lack of 
protocol and sequence standardization between the differ- 
ent sites, ii) the great disparity in patient numbers and iii) 
the subacute nature of the MRI studies in adults. 

In order to circumvent these discrepancies, new col- 
laborative efforts between MRI-equipped sites located 
in Asia and in Africa are required, with standardized 



clinical protocols and using the presence of retinop- 
athy as a diagnostic parameter in CM patients. This 
will allow not only the clinical characterization of both 
paediatric and adult CM through the application of neuro- 
logical MRI methods, but also a precise comparison be- 
tween carefully clinically defined cohorts of patients from 
different age groups and from different continents. 

While the magnet used in the Malawi series does not 
permit the visualization of ring haemorrhages, more mod- 
ern systems with higher field strength magnets are now 
available in several clinical sites in Asia, allowing increased 
resolution, thinner slice imaging, and diffusion imaging, 
which should show ischemia, diffusion tensor imaging to 
show axons via tractography and damaged white matter 
via fractional anisotropy maps, spectroscopy to follow lac- 
tate in ischemia, susceptibility weighted imaging which 
may reveal haemozoin, and perfusion imaging which may 
demonstrate occluded arterioles. Potential pitfalls due to 
differences in magnetic field of MRI scanners between 
sites can be avoided by using common specific se- 
quences. In addition, in order to ensure the accurate 
interpretation and comparison of MRI findings in these se- 
quences, all the images can be scored and shared between 
radiologists via web-based platforms to ensure the highest 
diagnosis accuracy [68]. 

Such extensive MRI techniques have never been applied 
systematically to patients with acute complicated or un- 
complicated malaria and present a highly promising ap- 
proach to further investigate the causal relationship 
between brain swelling and the onset of CM. This can be 
achieved by assessing MRI patterns supporting or refuting 
the potential contribution of key pathogenic mechanisms of 
cerebral oedema in patients with CM. Finally, comparison 
studies between fatal cases of CM and survivors wUl, 
hopefully, lead to the identification of causes of death. 

Competing interests 

All authors declare they have no competing interests. 
Authors' contribution 

SIVl, TET, SK and SCW searched the relevant literature. SIVl and SCW wrote the 
first draft of the manuscript. All authors appraised and revised the 
manuscript. All authors gave final approval for submission of the manuscript. 

Acl<nowledgements 

This work was supported by two grants from the NIH to SCW 
(3U 1 9AI089767-03S1 ) and TET (1 U 1 9AI089683). 

Author details 

'ispat General Hospital, Rourkela 769005, Orissa, India. ^Department of 
Osteopathic Medical Specialties, College of Osteopathic Medicine, Michigan 
State University, East Lansing, Ml 48824, USA. ^Blantyre Malaria Project, 
University of Malawi College of Medicine, Blantyre 3, Malawi. ''Department of 
Radiology, Queen Elizabeth Central Hospital, Blantyre, Malawi. ^Department 
of Imaging Sciences, University of Rochester Medical Center, Rochester, NY 
14642, USA. ^Department of Microbiology, Division of Parasitology, New York 
University School of Medicine, 341 East 25th Street, New York NY 10010, 
USA. 'Department of Pathology K2S, Sydney Medical School, The University 
of Sydney, Sydney NSW 2402, Australia. 



Mohanty ef al. Malaria Journal 2014, 13:276 
http://www.malariajournal.eom/content/13/l/276 



Page 7 of 8 



Received: 12 February 2014 Accepted: 14 July 2014 
Published: 18 July 2014 

References 

1 . WHO: Global Malaria Report. Geneva: World Health Organization; 201 2. http// 
www.who.int/malaria/publications/world_malaria_report_2012/report/en/ 

2. Berendt AR, Turner GD, Newbold CI: Cerebral malaria: the sequestration 
hypothesis. Parasltol Today 1994, 10:412-414. 

3. Clark lA, Rockett KA: The cytokine theory of human cerebral malaria. 
Parasltol Today 1994 10410-412. 

4. Grau GE, de Kossodo S: Cerebral malaria: mediators, mechanical 
obstruction or more? Parasltol Today 1994 10:408-409. 

5. van der Heyde HC, Nolan J, Combes V, Gramaglia I, Grau GE: A unified 
hypothesis for the genesis of cerebral malaria: sequestration, 
inflammation and hemostasis leading to microcirculatory dysfunction. 
Trends Parasltol 2006, 22:503-508. 

6. Moxon CA, Heyderman RS, Wassmer SC: Dysregulation of coagulation in 
cerebral malaria. Mol Blochem Parasltol 2009, 166:99-108. 

7. Mishra SK, Newton CR: Diagnosis and management of the neurological 
complications of falciparum malaria. Nat Rev Neurol 2009, 5:189-198. 

8. Craig AG, Grau GE, Janse C, Kazura JW, IVlilner D, Barnwell JW, Turner G, 
Langhorne J: The role of animal models for research on severe malaria. 
PLoS Pathog 2012, 8:e 1002401. 

9. Laveran A: De la nature parasitaire de I'impaludisme. Bull Mem Soc Med 
Hop Paris 1882, 18:168-176 

10. Laveran A: Tralte des Revres Palustres - 1st Edition. Paris: Editions Octave 
Doin; 1884 

11. IVlacPherson GG, Warrell IVIJ, White NJ, Looareesuwan S, Warrell DA: Human 
cerebral malaria. A quantitative ultrastructural analysis of parasitized 
erythrocyte sequestration. Am J Pathol 1 985, 1 1 9:385-401 . 

12. Marchiafava E, Bignami A: On summer-autumnal fevers. In Two 

iVIonographs on Malaria and the Parasites of Malarial Fevers. Edited by 
Charles TE London: The New Sydenham Society; 18941-393. 

13. IVlilner DA Jr: Rethinking cerebral malaria pathology. Curr Opin Infect DIs 
2010,23:456-463. 

14. Dorovini-Zis K, Schmidt K, Huynh H, Fu W, Whitten RO, IVlilner D, Kamiza S, 
Molyneux M, Taylor TE: The neuropathology of fatal cerebral malaria in 
malawian children. /Im J Por/io/ 2011, 178:2146-2158. 

15. Shikani HJ, Freeman BD, Lisanti MP, Weiss LM, Tanowitz HB, Desruisseaux 
MS: Cerebral malaria: we have come a long way. Am J Pathol 2012, 
181:1484-1492. 

16 White NJ, Turner GD, Day NP, Dondorp AM: Lethal malaria: marchiafava 
and bignami were right. / Infect DIs 2013, 208:192-198. 

17. Pongponratn E, RIganti M, Harinasuta T, Bunnag D: Electron microscopy of 
the human brain in cerebral malaria. Southeast Asian J Trap Med Public 
Health 1985, 16:219-227. 

18. Go MM, Aikawa M, Than J, Aye TM, Myint PT Igarashi I, Schoene WC: 
Human cerebral malaria: a pathological study. J Neuropathol Exp Neurol 
1987, 46:223-231. 

19. RIganti M, Pongponratn E, Tegoshi T, Looareesuwan S, Punpoowong B, 
Aikawa M: Human cerebral malaria in Thailand: a clinico-pathological 
correlation. Immunol Lett 1990, 25:199-205. 

20. Pongponratn E, RIganti M, Punpoowong B, Aikawa M: Microvascular 
sequestration of parasitized erythrocytes in human falciparum malaria: 
a pathological study Am J Trap Med Hyg 1 991 , 44:1 68-1 75. 

21. Nagatake T, Hoang Tegoshi T, Rabbege J, Ann TK, Aikawa M: Pathology 
of falciparum malaria in Vietnam. Am J Trap Med Hyg 1 992, 47:259-264. 

22. Tran TH, Day NP, Nguyen HP, Nguyen TH, Tran TH, Pham PL, Dinh XS, Ly 
VC, Ha V, Waller D, Peto TE, White NJ: A controlled trial of artemether or 
quinine in Vietnamese adults with severe falciparum malaria. N Engl J 
Med 1 996, 335:76-83. 

23. Ponsford MJ, Medana IM, Prapansllp P, Hien TT, Lee SJ, Dondorp AM, Esiri MM, 
Day NP, White NJ, Turner GD: Sequestration and microvascular congestion are 
associated with coma in human cerebral malaria. J Infect DIs 201 2, 205:663-671 . 

24 Prapansllp P, Medana I, Mai NT Day NP, Phu NH, Yeo TW, Hien TT, White NJ, 
Anstey NM, Turner GD: A clinicopathological correlation of the expression 
of the angiopoietin-Tie-2 receptor pathway in the brain of adults with 
Plasmodium falciparum malaria. Malar J 2013, 12:50. 

25. Taylor TE Fu WJ, Carr RA Whitten RO, Mueller JS, Fosiko NG, Lewallen S, 
Liomba NG, Molyneux ME Differentiating the pathologies of cerebral 
malaria by postmortem parasite counts. Nat Med 2004, 10:143-145. 



26. Maude RJ, Beare NA, Abu Sayeed A, Chang CC, Charunwatthana P, Faiz MA, 
Hossain A, Yunus EB, Hoque MG, Hasan MU, White NJ, Day NP, Dondorp 
AM: The spectrum of retinopathy in adults with Plasmodium falciparum 
malaria. Trans R Soc Trop Med Hyg 2009, 103:665-671. 

27. Beare NA, Taylor TE Harding SP, Lewallen S, Molyneux ME: Malarial retinopathy: 
a newly established diagnostic sign in severe malaria. Am J Trop Med Hyg 
2006, 75:790-797. 

28. Nakazawa S, Looareesuwan S, Fujioka H, Pongponratn E, Luc KD, Rabbege J, 
Aikawa M: A correlation between sequestered parasitized erythrocytes in 
subcutaneous tissue and cerebral malaria. Am J Trop Med Hyg 1 995, 
53:544-546. 

29. Wassmer SC, Moxon CA, Taylor T, Grau GE Molyneux ME Craig AG: Vascular 
endothelial cells cultured from patients with cerebral or uncomplicated 
malaria exhibit differential reactivity to TNF. Cell Microbiol 201 1 , 1 3:1 98-209. 

30. Idro R, Marsh K, John CC, Newton CR: Cerebral malaria: mechanisms of 
brain injury and strategies for improved neurocognitive outcome. 
Pediatr Res 2010, 68:267-274. 

31 . Miller LH, Ackerman HC, Su XZ, Wellems TE: Malaria biology and disease 
pathogenesis: insights for new treatments. Nat Med 2013, 19:156-167. 

32. Groner W, WInkelman JW, Harris AG, Ince C, Bouma GJ, Messmer K, Nadeau 
RG: Orthogonal polarization spectral imaging: a new method for study of 
the microcirculation. Nat Med 1999, 5:1209-1212. 

33. Dondorp AM, Ince C, Charunwatthana P, Hanson J, van Kuijen A, Faiz MA, 
Rahman MR, Hasan M, Bin Yunus E, Ghose A, Ruangveerayut R, 
LImmathurotsakul D, Mathura K, White NJ, Day NP: Direct in vivo 
assessment of microcirculatory dysfunction in severe falciparum malaria. 
J Infect DIs 2008, 197:79-84 

34. AIrd WC: Endothelial cell heterogeneity. Cold Spring Harb Perspect Med 
2012, 2:a006429 

35. Beare NA, Lewallen S, Taylor TE Molyneux ME: Redefining cerebral malaria 
by including malaria retinopathy. Future Microbiol 201 1, 6:349-355. 

36. Lewallen S, Wills BA: Retinal haemorrhage in children with malaria. Lancet 
1993, 341:442. 

37. Hero M, Harding SP, Riva CE Winstanley PA, Peshu N, Marsh K: Photographic 
and angiographic characterization of the retina of Kenyan children with 
severe malaria. /Irc/i Ophthalmol 1997, 115:997-1003. 

38. Schemann JF Doumbo 0, Maivy D, Traore L, Kone A, Sidibe J, Kelta M: 
Ocular lesions associated with malaria in children in Mali. Am J Trop Med 
Hyg 2002, 67:61-63. 

39. Burton M, Nyong'o 0, Burton K, John W, Inkoom E, Pinder M, Corrah T, 
Johnson G, Bailey R: Retinopathy in Gambian children admitted to 
hospital with malaria. Trop Doct 2004, 34:214-218. 

40. Sattar MA, Hoque HW, Amin MR, Faiz MA, Rahman MR Neurological 
findings and outcome in adult cerebral malaria. Bangladesh Med Res 
Counc Bull 2009, 35:15-17. 

41. Abu Sayeed A, Maude RJ, Hasan MU, Mohammed N, Hoque MG, Dondorp 
AM, Faiz MA: Malarial retinopathy in Bangladeshi adults. Am J Trop Med 
Hyg 2011, 84:141-147. 

42. Lewallen S, Harding SP, Ajewole J, Schulenburg WE, Molyneux ME, Marsh K, 
Usen S, White NJ, Taylor TE A review of the spectrum of clinical ocular 
fundus findings in P. falciparum malaria in African children with a 
proposed classification and grading system. Trans R Soc Trop Med Hyg 
1999, 93:619-622. 

43. Browning DJ: Patchy ischemic retinal whitening. Ophthalmology 2004, 
1 1 1 :606-607. author reply 607. 

44. Beare NA, Harding SP, Taylor TE, Lewallen S, Molyneux ME Perfusion 
abnormalities in children with cerebral malaria and malarial retinopathy. 
J Infect DIs 2009, 199:263-271. 

45. Lewallen S, White VA, Whitten RO, Gardiner J, Hoar B, LIndley J, Lochhead J, 
McCormIck A, Wade K, Tembo M, Mwenechayana J, Molyneux ME, Taylor 
TE Clinical-histopathological correlation of the abnormal retinal vessels 
in cerebral malaria. Arch Ophthalmol 2000, 118:924-928. 

46. Beare NA, Glover SJ, Lewallen S, Taylor TE, Harding SP, Molyneux ME 
Prevalence of raised intracranial pressure in cerebral malaria detected by 
optic nerve sheath ultrasound. Am J Trop Med Hyg 2012, 87:985-988. 

47. Medana IM, Day NP, Hien TF, Mai NT Bethell D, Phu NH, Farrar J, Eslrl MM, 
White NJ, Turner GD: Axonal injury in cerebral malaria. Am J Pathol 2002, 
160:655-666. 

48. Maccormick IJ, Beare NA, Taylor TE, Barrera V, White VA, Hiscott P, Molyneux ME 
Dhlllon B, Harding SP: Cerebral malaria in children: using the retina to study 
the brain. Brain 2014 http//www.ncbi.nlm.nlh.gov/pubmed/24578549. 



Mohanty et al. Malaria Journal 2014, 13:276 
http://www.malariajournal.eom/content/13/l/276 



Page 8 of 8 



49. 



50. 



52. 



53. 



54. 



55. 



56. 



57. 



58. 



59. 



60. 



62. 



63. 



64. 



65. 



66. 



67. 



Looareesuwan S, Warrell DA, White NJ, Sutlnarasamai P, Chanthavanidi P, 
Sundaravej K, Juel-Jensen BE, Bunnag D, Harinasuta T: Do patients with 
cerebral malaria have cerebral oedema? A computed tomography study. 

Lancet 1983, 1:434-437. 

Newton CR, Peshu N, Kendall B, Kirkham FJ, Sowunmi A, Waruiru C, Mwangi 

I, Murphy 5A, Marsh K: Brain swelling and ischaemia in Kenyans with 

cerebral malaria. Arch Dis Child 1994 70:281-287. 

Patankar TF, Karnad DR, Shetty PG, Desai AP, Prasad SR: Adult cerebral 

malaria: prognostic importance of imaging findings and correlation with 

postmortem findings. Radiology 2002, 224:81 1-816. 

IVlohanty S, Mishra SK, Patnaik R, Dutt AK, Pradhan S, Das B, Patnaik J, 

Mohanty AK, Lee SJ, Dondorp AM: Brain swelling and mannitol therapy in 

adult cerebral malaria: a randomized trial. Clin infect Dis 201 1, 53:349-355. 

Potchen MJ, Birbeck GL, Demarco JK, Kampondeni SD, Beare N, Molyneux ME, 

Taylor TE Neuroimaging findings in children with retinopathy-confirmed 

cerebral malaria, fur J Rad/o/ 2010, 74:262-268. 

Medana IM, Turner GD: Human cerebral malaria and the blood-brain 

barrier. Int J Parasitol 2006, 36:555-568. 

Gamanagatti S, Kandpal H: MR imaging of cerebral malaria in a child. Eur J 

Radiol 2006, 60:46-47. 

Looareesuwan S, Laothamatas J, Brown TR, Brittenham GM: Cerebral malaria: 
a new way forward with magnetic resonance imaging (MRI). Am J Trop Med 

Hyg 2009 81:545-547. 

Millan JM, San Millan JM, Munoz M, Navas E, Lopez-Velez R: CNS complications 
in acute malaria: MR findings. Am J Neuroradioi 1 993, 14:493-494 
Cordoliani YS, Sarrazin JL, Felten D, Caumes E, Leveque C, Fisch A: MR of 
cerebral malaria. Am J Neuroradioi 1998 19:871-874 
Das CJ, Sharma R: Central pontine myelinolysis in a case of cerebral 
malaria. Br J Radiol 2007, 80:e293-295. 

Yadav P, Sharma R, Kumar S, Kumar U: Magnetic resonance features of 

cerebral malaria. Acta Radiol 2008, 49:566-569. 

Nickerson JP, Tong KA, Raghavan R: Imaging cerebral malaria with a 

susceptibility-weighted MR sequence. Am J Neuroradioi 2009, 30:e85-86. 

Rasalkar DD, Paunipagar BK, Sanghvi D, Sonawane BD, Loniker P: Magnetic 

resonance imaging in cerebral malaria: a report of four cases. Br J Radiol 

2011,84:380-385. 

Looareesuwan S, Wilairatana P, Krishna S, Kendall B, Vannaphan S, Viravan C, 
White NJ: Magnetic resonance imaging of the brain in patients with 
cerebral malaria. Clin Infect Dis 1995, 21:300-309. 

Latourette MT, Siebert JE, Barto RJ Jr, Marable KL, Muyepa A, Hammond CA, 
Potchen MJ, Kampondeni SD, Taylor TE: Magnetic resonance imaging 
research in sub-Saharan Africa: challenges and satellite-based networking 
implementation. J Digit Imaging 201 1, 24:729-738. 
Potchen MJ, Kampondeni SD, Seydel KB, Birbeck GL, Hammond CA, Bradley 
WG, DeMarco JK Glover SJ, Ugorji JO, Latourette MT Siebert JE, Molyneux 
ME, Taylor TE: Acute brain MRI findings in 120 Malawian children with 
cerebral malaria: new insights into an ancient disease. Am J Neuroradioi 
2012, 33:1740-1746. 

Laothamatas J, Sammet CL, Golay X, Van Cauteren M, Lekprasert V, Tangpukdee 
N, Krudsood S, Leowattana W, Wilairatana P, Swaminathan SV, DeLaPaz RL, 
Brown TR, Looareesuwan S, Brittenham GM: Transient lesion in the splenium of 
the corpus callosum in acute uncomplicated falciparum malaria. Am J Trop 
Med Hyg 2014 90:1 117-1 123. 

Haldar K Murphy SC, Milner DA, Taylor TE: Malaria: mechanisms of erythrocytic 
infection and pathological correlates of severe disease. Annu Rev Pathol 2007, 

2:217-249 

Potchen MJ, Kampondeni SD, Ibrahim K, Bonner J, Seydel KB, Taylor TE, 
Birbeck GL: Neurolnterp: a method for facilitating neuroimaging research 
on cerebral malaria. Neuro/ogy 2013, 81:585-588 



doi:1 0.1 1 86/1 475-2875-1 3-276 

Cite this article as: Mohanty et al: Magnetic resonance imaging during 
life: the key to unlock cerebral malaria pathogenesis? Malaria Journal 

2014 13:276. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



